Instructing Perisomatic Inhibition by Direct Lineage Reprogramming of Neocortical Projection Neurons  by Ye, Zhanlei et al.
ReportInstructing Perisomatic Inhibition by Direct Lineage
Reprogramming of Neocortical Projection NeuronsHighlightsd Reprogrammed cortical callosal neurons acquire identity
traits of corticofugal neurons
d Induced corticofugal neurons receive increased input from
PV+ cortical interneurons
d Projection neuron class-specific identity instructs afferent
inhibitory connectivityYe et al., 2015, Neuron 88, 475–483
November 4, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.neuron.2015.10.006Authors
Zhanlei Ye, Mohammed A.
Mostajo-Radji, Juliana R. Brown,
Caroline Rouaux, Giulio Srubek
Tomassy, Takao K. Hensch, Paola
Arlotta
Correspondence
hensch@mcb.harvard.edu (T.K.H.),
paola_arlotta@harvard.edu (P.A.)
In Brief
The role of cortical projection neuron
identity in building inhibitory
microcircuitry is debated. Ye et al. show
that projection neurons control afferent
input from parvalbumin interneurons and
that reprogramming projection neuron
class-specific identity reshapes the local
inhibitory network.
Neuron
ReportInstructing Perisomatic Inhibition
by Direct Lineage Reprogramming
of Neocortical Projection Neurons
Zhanlei Ye,1,2,5 Mohammed A. Mostajo-Radji,1,3,5 Juliana R. Brown,3 Caroline Rouaux,3,4 Giulio Srubek Tomassy,3
Takao K. Hensch,1,2,* and Paola Arlotta3,*
1Department of Molecular and Cellular Biology, Harvard University, Cambridge, MA 02138, USA
2Center for Brain Science, Harvard University, Cambridge, MA 02138, USA
3Department of Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA 02138, USA
4Present address: INSERMU1118, Me´canismes Centraux et Pe´riphe´riques de la Neurode´ge´ne´rescence, Faculte´ de Me´decine, Universite´ de
Strasbourg, 67085 Strasbourg, France
5Co-first author
*Correspondence: hensch@mcb.harvard.edu (T.K.H.), paola_arlotta@harvard.edu (P.A.)
http://dx.doi.org/10.1016/j.neuron.2015.10.006SUMMARY
During development of the cerebral cortex, local
GABAergic interneurons recognize and pair with
excitatory projection neurons to ensure the fine
excitatory-inhibitory balance essential for proper cir-
cuit function. Whether the class-specific identity of
projection neurons has a role in the establishment
of afferent inhibitory synapses is debated. Here, we
report that direct in vivo lineage reprogramming of
layer 2/3 (L2/3) callosal projection neurons (CPNs)
into induced corticofugal projection neurons
(iCFuPNs) increases inhibitory input onto the con-
verted neurons to levels similar to that of endoge-
nous CFuPNs normally found in layer 5 (L5). iCFuPNs
recruit increased numbers of inhibitory perisomatic
synapses from parvalbumin (PV)-positive interneu-
rons, with single-cell precision and despite their
ectopic location in L2/3. The data show that individ-
ual reprogrammed excitatory projection neurons
extrinsically modulate afferent input by local PV+ in-
terneurons, suggesting that projection neuron
class-specific identity can actively control the wiring
of the cortical microcircuit.
INTRODUCTION
The correct balance between glutamatergic excitatory projec-
tion neurons (PNs) and local GABAergic inhibitory interneurons
(INs) is crucial for the proper function and plasticity of the cere-
bral cortex, and its misregulation is implicated in a variety of neu-
rodevelopmental disorders (Rossignol, 2011). However, little is
known about the mechanisms underlying the recognition and
pairing of INs and PNs in the developing cortical circuit.
PNs and INs are both extremely diverse classes of neurons
that must precisely interact in the neocortex to form complexlocal circuits. PNs are broadly divided into two main subgroups,
which contain a variety of neuronal subtypes (Greig et al., 2013;
Lodato et al., 2015). Commissural PNs, including callosal PNs
(CPNs), are largely located in layer 2/3 (L2/3) and send their
axons to the contralateral hemisphere, striatum, and frontal cor-
tex. Corticofugal PNs (CFuPNs) are located in L5 and L6 and
connect to subcortical targets including the thalamus, superior
colliculus, pons, and spinal cord. The activity of all PNs is modu-
lated by local GABAergic INs, which are classified into distinct
subtypes based onmolecular identity, morphology, electrophys-
iological properties, and the location of their synaptic connec-
tions (Ascoli et al., 2008; DeFelipe et al., 2013; Markram et al.,
2004). Among IN subtypes, parvalbumin (PV)-positive cells
largely synapse onto the soma of PNs (Buhl et al., 1994) and
are the major source of miniature inhibitory post-synaptic cur-
rents (mIPSCs) (Soltesz et al., 1995).
Once in their final position, INs form dense connectivity with
many neighboring PNs (Fino et al., 2013). However, paired re-
cordings have also shown that connection probabilities among
PNs or between PNs and INs depend on the identity of the
pre- and post-synaptic partners (Brown and Hestrin, 2009; Lee
et al., 2014; Otsuka and Kawaguchi, 2009). Different populations
of PNs within L5 receive differing excitatory and inhibitory inputs,
and emerging evidence suggests that the strength of inhibition
from PV+ cells varies between PN subtypes in L5 (Lee et al.,
2014). Similarly, INs selectively innervate PNs with distinct
long-distance targets (Krook-Magnuson et al., 2012; Lee et al.,
2014; Varga et al., 2010). Together, these results suggest that
PN identity might have a role in the establishment of specific
afferent connectivity.
In vivo direct lineage reprogramming is a potentially valuable
tool to investigate the role of cellular identity in biological phe-
nomena, as it can be used to create sparsely distributed cells
within an ectopic context. In the neocortex, Fezf2, a terminal
selector gene capable of instructing CFuPN identity in other-
wise-fated progenitors (Lodato et al., 2014; Molyneaux et al.,
2005; Rouaux and Arlotta, 2010; Zuccotti et al., 2014), has also
been shown to reprogram postmitotic L2/3 CPNs and L4 spiny
interneurons into induced CFuPNs (iCFuPNs) (De la RossaNeuron 88, 475–483, November 4, 2015 ª2015 Elsevier Inc. 475
et al., 2013; Rouaux and Arlotta, 2013). These iCFuPNs acquire
molecular properties and long-distance axonal connectivity of
endogenous CFuPNs (Rouaux and Arlotta, 2013).
Here, we further demonstrate that individual reprogrammed
iCFuPNs also acquire the global molecular signature, somato-
dendritic morphology, and intrinsic electrophysiological proper-
ties of endogenous CFuPNs. Notably, despite being ectopically
distributed among L2/3 CPNs, iCFuPNs receive a level of periso-
matic inhibition comparable to endogenous L5 CFuPNs and
significantly higher than neighboring L2/3 CPNs. This is at
least partly due to a larger number of PV+ synapses onto
iCFuPNs and was independent of IN lamination. Thus, reprog-
ramming PN class-specific identity is sufficient to shape PV+
inhibitory input in vivo.
RESULTS
Reprogramming L2/3 CPNs Induces Molecular
Programs and Intrinsic Electrophysiological Traits
of CFuPNs
We have previously shown that Fezf2 overexpression in postmi-
totic L2/3 CPNs is sufficient to induce expression of selected
CFuPN markers (Rouaux and Arlotta, 2013). In order to use re-
programming as a tool to probe IN-PN interactions, we first
more broadly characterized the extent of molecular reprogram-
ming in this system.
We assembled a broad panel of class-specific signature
genes that are differentially expressed at either embryonic or
postnatal stages of PN differentiation (Arlotta et al., 2005; Moly-
neaux et al., 2007, 2015): in toto, 40 CFuPN and 36 CPN genes.
Fezf2-GFP (Cdk5r-Fezf2eGFP) or control GFP-only (Cdk5r-
emptyeGFP) constructs were overexpressed in cortical progeni-
tors under the postmitotic neuronal promoter Cdk5r (Rouaux
and Arlotta, 2013) via in utero electroporation at E14.5. Single
GFP+ neurons were isolated at postnatal day 15 (P15) and
profiled for a panel of 88 genes (the 76 markers and 12 con-
trols) using single-cell, fluidics-based quantitative RT-PCR
(Figure 1B).
Samples were partitioned using Partitioning Around Medoids
(PAM) and consensus clustering (Monti et al., 2003), and genes
were clustered using weighted gene co-expression network
analysis (WGCNA) (Langfelder and Horvath, 2008) (see Supple-
mental Experimental Procedures). PAM identified two sample
clusters (Figure 1B): Cluster 1 contained the majority of GFP-
overexpressing control cells (GFP-CPN) (54/57) and 33/70
Fezf2-overexpressing cells (Fezf2-OE), while Cluster 2 contained
the remaining 37 Fezf2-OE cells and 4 GFP-CPNs. Principal
component analysis (PCA) confirmed this cluster division (Fig-
ure 1C). WGCNA identified four gene modules (Figure 1B, Table
S1, and Supplemental Experimental Procedures). Module 1 con-
tained CFuPN genes (13/13) that were predominantly upregu-
lated in Cluster 2 (8/13; p < 0.05 and > 2-fold expression change).
Module 3 contained predominantly CPN genes (10/13), half of
which were downregulated in Cluster 2 (6/13).
Importantly, Modules 1 and 3 were significantly anti-corre-
lated within individual cells (Spearman correlation of module
eigengenes: r = 0.478, p % 0.0001), indicating coordinate in-
duction of CFuPN markers and repression of CPN markers476 Neuron 88, 475–483, November 4, 2015 ª2015 Elsevier Inc.rather than a mixed cell identity. Overall, 10/12 genes upregu-
lated in Cluster 2 were CFuPN-associated and 6/6 downregu-
lated genes were CPN-associated (Table S1). These results
closely resembled the list of genes that were significantly asso-
ciated with PC1 in the sample PCA (Figure S1A and Table S1).
We conclude that approximately half of Fezf2-OE neurons are
molecularly reprogrammed into iCFuPNs, acquiring a global
CFuPN-like gene expression profile that is distinct from GFP-
expressing CPNs and that persists for at least 3 weeks after
initial conversion.
We next assessed whether iCFuPNs acquire appropriate sub-
type-specific electrophysiological properties. Using whole-cell
patch-clamp recording in acute brain slices (P22–P26), we
measured 12 intrinsic parameters: 5 related to passive mem-
brane properties and 7 to action potential generation (Table S2).
We confirmed that GFP overexpression did not alter any of
these parameters (GFP-CPNs versus endogenous L2/3 CPNs)
(Figure S2A and Table S2); therefore, to improve the power of
analysis, the 8 endogenous L2/3 CPNs and 24 control GFP-
CPNs were combined as a single group, hereafter collectively
referred to as L2/3 CPNs (Table S2 and Figures 2E–2K). As ex-
pected, the intrinsic properties of L2/3 CPNs were distinct
from endogenous L5CFuPNs (identified by cell size; see Supple-
mental Experimental Procedures) (Figure 2 and Table S2) (Ma-
son and Larkman, 1990).
Fezf2-OE cells differed significantly from GFP-CPNs in cur-
rent threshold (CThr), resting potential (Vm), voltage sag
(Vsag), membrane decay constant (Tau), and input resistance
(Rm) (Figure S2A and Table S2). They also showed a greater
variance in Vm, Vsag, Tau, Rm, and membrane capacitance
(Cm), suggesting population heterogeneity (Figure S2A and
Table S2). Indeed, two firing patterns were observed: one
similar to L5 CFuPNs (iCFuPNs) and the other to L2/3 CPNs
(Fezf2-non-reprogrammed; Fezf2-NR) (Figure 2A). PCA on
these data also separated Fezf2-OE cells into two groups (Fig-
ures 2B, 2C, S2C, and Table S3): the histogram of Fezf2-OE
cells on the major axis of variation (PC1, accounting for 41%
of the total variance) was best fitted by a two-component
Gaussian model (log-likelihood ratio test, LRT, p = 0.017) (Fig-
ure 2B). In contrast, the PC1 histograms of L2/3 CPNs and L5
CFuPNs were best fitted with one-component Gaussian distri-
butions, suggesting single populations.
We applied supervised machine learning to unbiasedly clas-
sify Fezf2-OE cells based on their electrophysiological proper-
ties (see Supplemental Experimental Procedures and Fig-
ure S2D). Averaging over 1,000 runs of the classifier, 14/33
Fezf2-OE PNs were classified as L5 CFuPNs (42%; iCFuPNs),
while 19/33 were classified as CPNs (58%; Fezf2-NR) (Figures
S2F and S2G). After classification, iCFuPNs and Fezf2-NR PNs
showed a clear separation in Vm, Vsag, Tau, CThr, voltage
threshold (VThr), and fast after-hyperpolarization (fAHP) (Figures
2D–2K and Table S2). This classification ratio is consistent with
our previously reported efficiency of molecular reprogramming
(Rouaux and Arlotta, 2013) and in line with our single-cell gene
expression analysis.
Altogether, the data indicate that individual iCFuPNs shift their
molecular signature and intrinsic electrophysiological properties
to resemble those of L5 CFuPNs.
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Figure 1. iCFuPNs Acquire Molecular Identity of
CFuPNs
(A) Timeline of experiments performed. In utero elec-
troporation at E14.5; single-cell gene expression
profiling at P15; electrophysiology at P22–26; histologi-
cal analysis at P28.
(B and C) mRNA expression analysis of CPN and CFuPN
markers in single Fezf2-OE PNs and GFP-CPNs at P15
shows that a subset of Fezf2-OE cells acquire a CFuPN-
like molecular identity. Fezf2-OE n = 70, GFP-CPN
n = 57.
(B) Gene expression heatmap of 88 genes assayed by
high-density qPCR demonstrates acquisition of a global
CFuPN-like signature in a subset of Fezf2-OE neurons.
Sample clustering by PAM identified two clusters (green/
orange and chartreuse/red bars). Top row of blue bars:
item consensus (IC) values, a metric of cluster assign-
ment stability. Correlated gene expression modules
were identified by WGCNA (M1–M4: Module 1 through
Module 4, N: not assigned to a module). Bolding in-
dicates genes with significant expression differences
(> 2-fold and p < 0.05); arrows indicate direction of
change in Cluster 2. Also see Table S1. Gene color-
coding: red, CFuPNmarker; green, CPN marker; purple,
synaptic; blue, normalization control; orange, other
control.
(C) PCA of gene expression data demonstrates that
Clusters 1 and 2 separate along PC1. Also see Figure S1
and Table S1.
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Figure 2. iCFuPNs in L2/3 Acquire Electrophysiological Properties of L5 CFuPNs
(A) Representative current steps at100, 50, and 350 pA. iCFuPNs show a firing pattern similar to L5 CFuPNs, whereas Fezf2-NR neurons resemble endogenous
L2/3 CPNs and L2/3 GFP-CPNs. Scale bar: 500 ms (horizontal), 20 mV (vertical).
(B and C) PCA on 12 intrinsic electrophysiological properties separates algorithmically identified iCFuPNs from Fezf2-NR neurons. Also see Figure S2.
(B) Histogram of cell distribution along PC1 shows bimodal distribution of Fezf2-OE cells. Dotted lines: fits to single (L2/3 CPN, L5 CFuPN) or mixed (Fezf2-OE)
Gaussian distributions. PDF: probability density function.
(C) PCA analysis clusters the Fezf2-NR and iCFuPN populations with L2/3 CPNs and L5 CFuPNs, respectively. Color-coding as in (A). Dotted circles: threshold
where PDF = 0.02 after fitting to 2D Gaussian distribution.
(D–K) Intrinsic properties of algorithmically identified iCFuPNs and Fezf2-NRs resemble L5 CFuPNs and L2/3 CPNs, respectively. Endogenous L2/3 CPN n = 8,
GFP-CPN n = 24, L5 CFuPN n = 11, iCFuPN n = 14, Fezf2-NR n = 21. Error bars: mean ± SEM.
(D) Firing-current curves (spike numbers in 2 s versus current injection). Asterisks indicate p values (black, L5 CFuPN versus L2/3 CPN; red, iCFuPN versus L2/3
CPN; gold, L5 CFuPN versus iCFuPN): **p < 0.01, ***p < 0.001, ****p < 0.0001. Color-coding as in (A).
(E–G) Quantification of passive membrane properties: (E) Vm, (F) Vsag, and (G) Tau.
(H–K) Quantification of action potentials: (H) sample traces of action potentials, (I) CThr, (J) VThr, and (K) fAHP.iCFuPNs Are More Inhibited Than Parental L2/3 CPNs
Whether individual PN subtypes can differentially affect
afferent synaptic input from local INs is still debated. Our re-
programming model generates sparse populations of CFuPNs
within an ectopic L2/3 location and thus can be used to
examine whether PN subclass identity directs local inhibitory478 Neuron 88, 475–483, November 4, 2015 ª2015 Elsevier Inc.synaptic input at the level of individual cells, independent of
laminar context.
We first assessed the inhibitory network targeting GFP-
CPNs, endogenous L5 CFuPNs, and Fezf2-OE PNs using elec-
trophysiological recordings of miniature inhibitory postsynaptic
currents (mIPSCs) at P22–P26 (Figures 3A–3G). Consistent
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Figure 3. iCFuPNs Receive Increased Inhibition
(A–G) mIPSC events demonstrate inhibition in iCFuPNs similar to L5 CFuPNs and higher than L2/3 CPNs. GFP-CPN n = 30, Fezf2-OE n = 33, L5 CFuPN n = 16.
Error bars: mean ± SEM. (A) Representative mIPSCs traces. (B) Average mIPSC frequency and (C) cumulative inter-event interval (IEI) from all cells. (D) Average
mIPSC amplitude and (E) cumulative amplitude from all cells. (F) Average mIPSC weighted decay (tw) and (G) cumulative tw from all cells.
(H–M) Increased inhibition isspecific to iCFuPNswithinFezf2-OEbrains.Errorbars:mean±SEM. (H)Representative responses tohyperpolarizingcurrentsteps (100 to
500pA),mIPSC tracesand image reconstruction.GFP-CPNsn=12, Fezf2-NRn=15, iCFuPNn=6; from5Fezf2-OEand3GFP-OEbrains. Dotted lines: pial surface.
(I) iCFuPNswere identifiedbyVsaghigher than themaximalGFP-CPNVsagvalue. (J)mIPSC frequency is increased in iCFuPNscompared toFezf2-NRandGFP-CPNs.
(K) mIPSCs amplitude remains constant between all three groups. (L) Comparison of average mIPSC frequency in iCFuPNs and Fezf2-NR cells from the same brains
(connected pairs) shows that increased inhibition is specific to iCFuPNs. (M) Fezf2-OE cells increase their apical tuft width regardless of their reprogrammed state.with previous literature (Lee et al., 2014), we found that L5
CFuPNs exhibited more frequent inhibitory events than GFP-
CPNs (L5 CFuPNs 4.02 ± 0.64 Hz; GFP-CPNs 2.56 ±0.21 Hz). The average mIPSC frequency in Fezf2-OE cells
(3.56 ± 0.25 Hz) was similar to L5 CFuPNs and higher than
GFP-CPNs (Figures 3B and 3C), suggesting increasedNeuron 88, 475–483, November 4, 2015 ª2015 Elsevier Inc. 479
inhibitory input onto iCFuPNs, but the mean amplitude of inhib-
itory events was similar between all groups (all comparisons: p
> 0.05) (Figures 3D and 3E).
This increase in inhibition could reflect multiple causes. To
exclude the possibility of a change in intrinsic sensitivity of
iCFuPNs to GABA, we first examined the subunit composition
of GABAA receptors using electrophysiological and molecular
analyses. mIPSCs originate mainly from perisomatic synapses
(Soltesz et al., 1995), which are enriched for a1-containing
GABAA (GABRA1) receptors (Hensch, 2005; Klausberger et al.,
2002). GABRA1 produces mIPSCs with faster decay kinetics
(Picton and Fisher, 2007). We found that the decay time constant
(weighted tw) of mIPSCs was slower in GFP-CPNs than in L5
CFuPNs (19.81 ± 3.74 ms, 15.04 ± 4.77 ms, respectively, p <
0.001), and this property remained unchanged upon Fezf2 over-
expression (19.37 ± 2.92 ms) (Figures 3F and 3G). Differential
changes in mIPSC kinetics following benzodiazepine exposure
can also reveal differences in the stoichiometry of GABA recep-
tors and changes in synapse location (Kilman et al., 2002; Nusser
et al., 1998). Therefore, we recorded mIPSCs before and after
application of the GABRA1 agonist Zolpidem, which prolongs
the opening of GABRA1+ receptors (Crestani et al., 2000). We
did not detect any significant difference in Zolpidem-induced
changes in mIPSC amplitude, decay kinetics, or charge transfer
(Figures S3A and S3B), indicating that the density of GABRA1+
receptors is unchanged between iCFuPNs and CPNs.
Finally, we performed single-cell quantitative RT-PCR on P15
iCFuPNs and GFP-CPNs for all ten GABA receptors known to be
expressed in the cerebral cortex (Wisden et al., 1992) (Figures
S3C–S3F). We found no significant differences in either the pro-
portion of RNA-positive cells or the mean expression level
among RNA-positive cells for any receptor (Figures S3E and
S3F). Together, these results indicate that the increased inhibi-
tion of iCFuPNs is not due to a stoichiometric change in
GABAA receptor subunits.
Another possible explanation for the observed increased inhi-
bition onto iCFuPNs cells is a nonspecific homeostatic change in
the upper cortical circuit. We therefore directly compared the fre-
quency of inhibition in iCFuPNs and Fezf2-NR cells within the
same brains (Figures 3H–3M and Supplemental Experimental
Procedures). iCFuPNs showed increased mIPSC frequency not
only across animals (Figure 3J) but also between iCFuPNs and
Fezf2-NR neurons within the same brain (Figure 3L), confirming
that the increase of inhibition is a result of cell-specific IN-iCFuPN
interactions and not of a global change in the local circuitry.
We next considered whether the observed increase in inhibi-
tion could be due to inhibitory input onto distinct regions of
PNs (e.g., cell soma, axon hillock, or dendritic arbor), as CFuPNs
differ from CPNs in cell morphology, including larger somata
(Larkman and Mason, 1990) and broader apical dendritic tuft
arborization (Oswald et al., 2013).
To assess changes in dendritic morphology, we filled cells with
biocytin after recording to enable tracing and reconstruction and
measured the width of the arborization of the apical tuft (Figures
3H and S3G). In Fezf2-OE cells, tuft width was increased regard-
less of the reprogramming state of the neuron (GFP-CPN 209.3 ±
23.29 mm; Fezf2-NR 419.3 ± 27.86 mm; iCFuPN 413.1 ±
21.79 mm) (Figures 3H and 3M and S3G). As this increase did480 Neuron 88, 475–483, November 4, 2015 ª2015 Elsevier Inc.not correlate with reprogramming of electrophysiological
properties, we conclude that it is unlikely to be the source of
the difference in inhibition. Notably, this result also suggests
that Fezf2 overexpression can induce specific neuronal traits
(i.e., dendritic morphology), even in the absence of a global iden-
tity change.
As mIPSCs are primarily caused by perisomatic inputs (Sol-
tesz et al., 1995), we next analyzed changes in the cell soma.
Confocal image stacks of GFP expression in Fezf2-OE and
GFP-CPNs were used for 3D reconstruction and rendering,
and iCFuPNs were identified by immunostaining for the CFuPN
marker Crym (Arlotta et al., 2005; Rouaux and Arlotta, 2013).
We found that the soma height and maximum width of iCFuPNs
(GFP+/Crym+) were significantly larger than those of GFP-CPNs
(soma height: GFP-CPN 16.02 ± 0.68 mm; iCFuPN 19.89 ±
0.53 mm; soma maximal width: GFP-CPN 13.27 ± 0.56 mm;
iCFuPN 14.62 ± 0.31 mm; height/width ratio: GFP-CPN 1.219 ±
0.034 mm; iCFuPN 1.371 ± 0.042 mm) (Figures S4C–S4F). This
difference is consistent with previous demonstrations of larger
somata and greater height/width ratio in CFuPNs compared to
L2/3 CPNs (Larkman and Mason, 1990). Importantly, while the
height/width ratio of iCFuPN matched that previously reported
for endogenous CFuPN (Larkman and Mason, 1990), their abso-
lute dimensions were smaller, suggesting that the increased in-
hibition observed in iCFuPN cannot be explained by soma-size
changes alone.
iCFuPNs Receive Increased Perisomatic PV+ Input
We next considered whether enhanced PN inhibition reflected
an increase in the total number of INs surrounding iCFuPNs or
an increase in the number of inhibitory synapses from a specific
IN subtype.
We have previously demonstrated that when an entire class of
PNs is substituted with another, the lamination of INs is affected
(Lodato et al., 2011). We therefore investigated if our electropo-
ration-based model, which instead causes focal reprogramming
of a small proportion of CPNs, results in a local change in the dis-
tribution of INs. We concentrated on PV+ INs due to their prefer-
ential location within the deep layers of the cortex and the peri-
somatic nature of their synapses (Otsuka and Kawaguchi,
2009; Soltesz et al., 1995). The distribution of PV+ INs was quan-
tified in GFP+ regions of Fezf2-OE cortices and compared to the
contralateral non-electroporated hemisphere (P28; n = 4). We
did not observe a significant change in PV+ IN lamination (Figures
S4A and S4B), thus excluding the possibility that the increased
inhibition is caused by a higher concentration of INs around
the electroporated cells.
Next, we examined whether the increased inhibition of
iCFuPNs was due to a higher density of PV+ GABAergic synap-
ses onto these neurons.We quantified PV+ puncta density on the
cell soma of iCFuPNs (GFP+/Crym+), L5 CFuPNs (Crym+), and
GFP-CPNs at P28 (Figure 4A). iCFuPNs acquired a PV+ puncta
density equivalent to L5 CFuPNs and higher than GFP-CPNs
(L5 CFuPN 0.25 ± 0.003 puncta/mm2; GFP-CPN 0.20 ± 0.003
puncta/mm2; iCFuPN 0.25 ± 0.004 puncta/mm2; iCFuPN versus
GFP-CPN p < 0.0001, iCFuPN versus L5CFuPN p = 0.3056) (Fig-
ure 4C), suggesting that their increased inhibition may reflect an
increase in PV+ synaptic contacts.
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Figure 4. iCFuPNs Receive Greater PV+ IN Input
(A–C) iCFuPNs have increased PV+ puncta density. GFP-CPNs n = 100, iCFuPNs n = 200, L5 CFuPNs n = 80. Error bars: mean ± SEM. (A) Representative
immunofluorescence images for GFP, Crym and PV at P28. (B) iCFuPNs have greater soma size and (C) PV+ puncta density.
(D–G) Optogenetic excitation of PV+ INs in reprogrammed cortices shows two patterns of response in Fezf2-OE neurons, resembling L2/3 CPNs and L5 CFuPNs,
respectively. L2/3 CPNs n = 21, Fezf2-OE cells n = 21, L5 CFuPNs n = 18. Error bars: mean ± SEM. (D) Representative max-IPSCPV (main) and min-IPSCPV (inset)
light-evoked response traces. (E) Amplitude of min-IPSCPV responses. (F) Amplitude of max-IPSCPV responses. (G) Fits of max-IPSCPV response data to single
(L2/3 CPNs and L5 CFuPNs) or mixed (Fezf2-OE) Gaussian curves: Fezf2-OE cells show bimodal distribution (R2: L2/3 CPN = 0.499, L5 CFuPN = 0.596, Fezf2-
OE = 0.740).To functionally test differences in PV+ IN input to iCFuPNs, we
overexpressed Fezf2 in transgenic mice in which PV-Cre induc-
tion of ChR2 channelrhodopsin allows optogenetic stimulation ofPV+ INs (see Supplemental Experimental Procedures). We
measured the minimal light-evoked response (min-IPSCPV),
which likely reflects a single PV+ IN firing event, in L2/3 CPNs,Neuron 88, 475–483, November 4, 2015 ª2015 Elsevier Inc. 481
L5 CFuPNs, and Fezf2-OE neurons via whole-cell voltage-clamp
recording of PNs during wide-field optogenetic stimulation of
PV+ INs (Figures 4D and 4E). There was no significant difference
in min-IPSCPV among these cells (all comparisons: p > 0.05) (Fig-
ure 4E), suggesting that synapses between single PV+ INs and
PNs had a similar physiological strength across groups.
To assess the total number of PV synapses, we measured the
maximal optogenetically driven IPSC (max-IPSCPV, Figures 4D
and 4F) as the plateau response to increasing light intensity.
The average max-IPSCPV of endogenous L2/3 CPNs was signif-
icantly smaller than that of L5 CFuPNs (L2/3 2,756 ± 268.3 pA; L5
5,067 ± 254.8 pA; p < 0.0001) (Figure 4F), consistent with L5
CFuPNs receiving more PV synapses than L2/3 CPNs.
As a population, Fezf2-OE neurons showed an intermediate
max-IPSCPV (3,740 ± 260.0 pA). However, fitting the data to a
mixed Gaussian distribution showed a bimodal max-IPSCPV
response in Fezf2-OE cells (LRT, p = 0.0011): 42% of the popu-
lation had a mean response similar to L5 CFuPNs (4.89 nA),
whereas 58% had a mean response similar to L2/3 CPNs
(2.92 nA) (Figure 4G), consistent with our ratio of reprogramming
efficiency.
Altogether, our data indicate that iCFuPNs acquire increased
numbers of PV+ IN inputs to resemble L5 CFuPNs, regardless
of their ectopic location. This effect is specific, as endogenous
L2/3 CPNs intermingled with iCFuPNs appropriately receive
fewer PV+ IN inputs. We conclude that altering PN class-specific
identity is sufficient to affect inhibitory synapses from PV+ INs
and to change the local inhibitory circuitry.
DISCUSSION
Proper balance between excitation and inhibition in the
neocortex is essential for correctly timed brain development
and function (Hensch, 2005; Rossignol, 2011). Inhibition medi-
ated by PV+ fast-spiking INs is particularly interesting: periso-
matic feedforward inhibition ensures temporal precision of signal
transduction in PNs (Pouille and Scanziani, 2001), and fast-
spiking INs can control the direction of activity flow in the local
circuit (Xiang et al., 1998).
Reprogramming the identity of neurons within the CNS has at-
tracted attention due to its potential therapeutic application
(Amamoto and Arlotta, 2014). Here, we used our previously es-
tablished reprogramming model, in which one class of cortical
PNs is converted into another, as a tool to investigate the role
of PN class-specific identity in the establishment of the inhibitory
microcircuitry.
We show that iCFuPNs can reprogram their molecular,
morphological, and electrophysiological traits to resemble
CFuPNs. Notably, iCFuPNs showed a Vsag equivalent to L5
CFuPNs and larger than that of L2/3 CPNs, consistent with pre-
viously reported differences between L2/3 CPNs and L5CFuPNs
(Mason and Larkman, 1990). This suggests that iCFuPNs share
functional properties with L5 CFuPNs, as Vsag is a characteristic
of hyperpolarization-activated (Ih) current, which is important in
regulating neuronal excitability, spike timing precision, and
network rhythmic activities (Lu¨thi and McCormick, 1998).
We then used this reprogramming model to investigate the
contribution of PN identity to the formation of PN-IN microcir-482 Neuron 88, 475–483, November 4, 2015 ª2015 Elsevier Inc.cuitry. It was recently shown that individual INs preferentially syn-
apse onto specific subtypes of PNs within a given cortical layer
(Lee et al., 2014; Otsuka and Kawaguchi, 2009). However,
whether INmicrocircuits specifically recognizedifferent subtypes
of PNs on a cell-by-cell basis is still debated. Examining whether
this bias also exists for PNs in ectopic locations will help resolve
whether this effect is an intrinsic property of the individual PN or a
consequence of some element of the normal laminar context.
Here we targeted and reprogrammed a subset of upper-layer
CPNs, generating ectopic iCFuPNs in L2/3 scattered among
normal L2/3 CPNs. These iCFuPNs were recognized and inner-
vated by PV+ INs as L5 CFuPNs, distinct from closely adjacent
CPNs. This leads to the conclusion that target selection by INs
occurs at the single-neuron level and provides evidence that
PNs can, at least in part, guide the establishment of their afferent
inhibitory synapses. This supports the theory that INs may be
able to selectively modulate only certain PNs even if they are
physically intermingled (Krook-Magnuson et al., 2012; Lee
et al., 2014; Varga et al., 2010).
Together, the data indicate that circuit wiring among PN and IN
partners in theneocortex is at least partly controlledby the identity
of thePNand that thesedecisionsaremade in a single-neuron-to-
neuron manner. In addition, the work suggests that direct
neuronal reprogramming is a useful tool to investigate the mech-
anisms that shape the local neocortical microcircuit and to inform
future studies on circuit plasticity in the central nervous system.
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